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DNA repair: PARP — another guardian angel?
P.A. Jeggo
Cell lines and mice defective in poly(ADP-ribose)
polymerase (PARP) have elevated spontaneous genetic
rearrangements and abnormal responses to stresses.
These results may be explained by an altered response
to damage induced by free radicals, and suggest that
PARP limits genomic instability from such damage.
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Poly(ADP-ribose) polymerase (PARP) is an abundant
nuclear protein that catalyzes the formation of extensive
branched polymers of poly(ADP-ribose) attached to a
protein acceptor using nicotinamide adenine dinucleotide
(NAD+) as substrate (for reviews, see [1–3]). Poly(ADP)-
ribosylation represents a rapid response to the presence of
DNA damage but the polymer is short-lived in vivo
because it is degraded by poly(ADP-ribose) glycohydro-
lase which is found in association with PARP [3]. The
PARP protein contains three functional domains: a DNA-
binding domain (DBD) located at the amino terminus; a
central automodification domain that acts as an acceptor
for poly(ADP-ribose); and a catalytic domain located at the
carboxyl terminus. The DBD, responsible for recognizing
and binding to DNA strand breaks, comprises two zinc-
finger motifs, similar to the motifs present in DNA ligase
III and DNA polymerase ε [2]. Binding of PARP to strand
breaks via its DBD triggers the poly(ADP)-ribosylation
reaction. Although PARP has been reported to
poly(ADP)-ribosylate several chromatin-associated pro-
teins in vitro, autoribosylation of the PARP central domain
represents the most likely physiologically relevant sub-
strate in vivo [3].
Studies using inhibitors of PARP activity
Two approaches of inhibiting PARP activity have been
exploited to investigate its function in cultured cells. One
is the use of 3-amino-benzamide (3AB) and related
inhibitors, and the other is the overexpression of the DBD
of PARP, which functions as a dominant-negative
inhibitor of PARP activity. In both cases, it is the
poly(ADP)-ribosylation step that is inhibited rather than
the ability of PARP to bind to strand breaks. Caution
should therefore be taken in interpreting the results of
these studies, because PARP remains bound to its
substrate and may thus inhibit other processes such as
DNA repair. The results of the studies using these
different types of inhibitor are remarkably similar: both
situations lead to hypersensitivity to alkylating agents and
ionising radiation and to an elevated level of spontaneous
sister chromatid exchanges (SCEs) and chromosome aber-
rations [3–5]. 
The marked sensitivity to alkylating agents and ionising
radiation suggested that PARP had either a direct role or a
modulatory role in a DNA-repair process. There is little
direct evidence to support such a model, however.
Although PARP binds to and is activated by strand breaks,
studies in vitro show that strand-break repair is not PARP-
dependent [6]. Another possibility is that PARP is
involved in the repair of base damage, a lesion induced by
both alkylating agents and ionising radiation. Recently,
base-excision repair (BER) has been reconstituted ‘in
vitro’ in the absence of PARP, yet there is also tantalising
evidence that PARP interacts with components of the
BER machinery [7,8]. Another possibility, proposed by
Lindahl and coworkers [3,6], is that PARP acts to mini-
mize the potential for strand breaks to give rise to recom-
bination events (discussed in more detail below).
Studies using mice and cells with a disrupted PARP gene
As an alternative approach to investigate the cellular
effects of PARP protein, two groups have generated PARP
‘knock-out’ mice [9–11]. Although there are significant
differences between the two studies, common features are
evident. In both studies, the mice were viable and fertile,
but had an enhanced sensitivity to whole body irradiation
following high radiation doses. Marked sensitivity to the
alkylating agent, N-methyl-N-nitrosourea (MNU), was
reported in one of the studies [11]. Both sets of mice or
cell lines derived from them display features indicative of
impaired growth, although the phenotypes differ between
the two studies. Wang et al. [10] also observed a decreased
ability of PARP-defective cells to tolerate heat stress.
Finally, a significant finding common to both studies was
an elevated level of micronuclei and spontaneous SCEs
and an increased induction of micronuclei and rearrange-
ments after treatment with DNA-damaging agents, also
mimicking the results previously found after treating cul-
tured cell lines with 3AB. 
The mice generated by Wang et al. [9,10] were disrupted
in the second exon, destroying both zinc fingers and thus
probably inactivating the potential for DNA binding. The
mice constructed in the de Murcia laboratory [11] were
disrupted in the fourth exon, which destroys the second
but not the first zinc finger. Despite the absence of ADP-
ribosylation activity and PARP cross-reacting protein in
cells from these mice, it is possible that some residual
DNA-binding activity remains, thus potentially exerting a
dominant-negative effect rather than simply reflecting the
loss of PARP activity.
Two additional studies have shown that the PARP-defec-
tive mice are highly resistant to ischemic brain injury
[12,13]. Neuronal damage following a stroke or other neu-
rodegenerative processes has been attributed, at least in
part, to the effects of nitric oxide, a free radical that
induces DNA damage thereby activating PARP. Pancre-
atic islet cells from PARP-defective mice similarly show
an elevated resistance to free-radical-induced death [14].
These examples demonstrate the surprising phenotype of
an elevated resistance to free radicals in the PARP-defec-
tive mice, which is contrary to the previously observed
phenotype of an increased sensitivity. To explain these
results, it has been proposed that excessive poly(ADP-
ribose) formation can result in cell death due to energy
deprivation caused by the depletion of NAD+ and ATP. A
role for PARP in enhancing cell death is unlikely to repre-
sent its primary function but rather the consequence of a
dramatic induction of PARP activity. The results serve to
demonstrate, however, that PARP functions during a
stress response following tissue damage.
Notwithstanding the note of caution mentioned above, the
results from the knock-out mice are remarkably consistent
with the results from studies involving inhibition of PARP
activity in cultured cell lines. Taken together, the results
suggest that the PARP knock-out mice display an elevated
level of genomic instability, possibly reflecting an abnor-
mal response to endogenous DNA damage as well as to a
diverse range of additional environmental stresses. Reac-
tive oxygen species (ROS) arise indirectly in cells as by-
products from metabolic processes and following exposure
to different stress situations. ROS react with DNA to
induce oxidative damage, from which strand breaks arise
either directly by the effects of the ROS or indirectly via
repair mechanisms. Free radicals generated following
exposure to ionising radiation also give rise to strand
breaks by similar mechanisms. The pleiotropic phenotype
of PARP-defective mice is consistent with a function for
PARP in modulating the response to DNA damage
induced by ROS. Recently, Rotman and Shiloh [15] have
also suggested that the Atm protein, mutations in which
cause the childhood recessive disease ataxia-telangiectasia,
might act as a sensor of ROS and/or oxidative damage, and
that ataxia-telangiectasia cells are in an enhanced state of
oxidative stress due to a defect in the ability to attenuate
or respond to endogenous DNA damage.
Role of PARP in modulating DNA repair
What role might PARP serve in modulating the response
to oxidative damage? A function for PARP in BER would
be consistent with a sensitivity of PARP-defective cells to
ROS. Although PARP does not function directly in BER,
it may nevertheless modulate the process in some way.
The results from the PARP-defective cell lines provide
little further evidence to substantiate or refute this notion,
however. A second, and not necessarily alternative, possi-
bility is that PARP functions to suppress the potential for
strand breaks to initiate aberrant recombination, a notion
suggested by the elevated frequency of SCEs in PARP-
defective cells ([3]; Figure 1). 
Further evidence that enhanced aberrant recombination
takes place in PARP-defective mice emerges from an
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Figure 1
Role of PARP in the modification of strand breaks. Single-strand
breaks arise in DNA by the direct or indirect effects of ROS and DNA-
damaging agents. PARP, an abundant nuclear protein, rapidly binds to
strand breaks (1) and autoribosylation ensues. PARP acts to modify
the strand-break repair process, either by affecting the higher-order
chromatin structure (2) or by protecting unrejoined strand breaks or
helping to recruit repair enzymes (3). Aberrant recombination events
are thereby minimised. In the presence of PARP inhibitors (3AB or the
DBD of PARP) or in the absence of PARP, non-poly(ADP)-ribosylated
strand breaks lead to enhanced aberrant recombination events either
directly at the site of strand breaks or indirectly through the induction
of genomic instability mechanisms. Abbreviations as in the text.
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examination of offspring from the cross between scid
mutant mice and PARP-defective mice [16]. Mice with
the scid mutation fail to develop mature T and B cells due
to an inability to carry out V(D)J recombination. Intrigu-
ingly, the T-cell developmental arrest is ablated by low-
frequency rearrangements in the PARP-defective scid
mice. This result demonstrates an elevated recombination
frequency in PARP-defective scid cells, which signifi-
cantly is associated with an elevated frequency of T-cell
lymphomas. Interestingly, irradiation treatment and the
absence of p53 expression also lead to aberrant rearrange-
ments in the T lymphocytes of scid mice [17,18]. 
Homologous recombination appears to be suppressed in
mammalian cells compared with yeast, possibly to
prevent aberrant recombination between regions of
repeat sequences and between sister homologues, and
PARP could function in this suppression process.
Although SCEs are the outcome of a recombination
event between homologues, no evidence for any increase
in quadriradials — a class of chromosome aberration
involving exchanges between homologous chromosomes
— has been observed in PARP-defective cells, and
homologous recombination occurs at normal frequency in
a plasmid-based assay [19]. Alternatively, because illegit-
imate recombination takes place readily in higher organ-
isms, PARP may function to suppress inappropriate
illegitimate recombination. 
Intriguingly, proteins involved in transcriptional silencing
(Sir2, Sir3 and Sir4) have recently been shown to function
in the process of non-homologous end-joining in yeast,
suggesting that higher-order chromatin structure may be
important to facilitate or regulate end-joining [20].
Branched ADP-ribose polymers or ribosylation of chro-
matin-associated proteins may also lead to changes in
chromatin conformation and may thereby serve to control
recombination or rejoining mechanisms. Finally, a range
of recent studies have shown that a process enhancing
global genomic instability is induced following DNA
damage. The inducing signal is unclear, but PARP could
function to prevent the induction of such genomic insta-
bility mechanisms. This model, in which PARP functions
to inhibit the formation of a signal that initiates genomic
instability, contrasts with that described above, in which
PARP functions to preclude a lesion undergoing a
genomic rearrangement. In summary, although studies
with the PARP-defective mice have provided clues as to
the function of PARP, major questions remain un-
answered. The mice, however, now provide an important
resource with which the numerous models and possibili-
ties can be examined. 
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